3.2.1.17) (approximately 0.8 mol of was air oxidized at pH 8.0 and 370 in the presence of 1.5 mM 2-mercaptoethanol for 36 hr. Gel filtration of this product gave the lower (native) and higher hydrodynamic volume forms, both containing radioactivity (approximately 35 and 65%, respectively). Ion exchange chromatography of the lower hydrodynamic volume forms yielded renatured lysozyme, two major radioactive samples (LHC and LHD) eluting at the positions of monocarboxymethylated lysozyme, and two minor radioactive samples eluting at the positions of dicarboxymethylated lysozyme. Sample LHC (approximately 23% of the radioactivity) was essentially homogeneous with respect to electrophoretic mobility, exhibited approximately 39% of the enzymic activity of lysozyme, and contained 0.95 mol of 1[4C]carboxymethyl groups.
Sample LHD (approximately 8% of the radioactivity) was also enzymically active and contained approximately 0.5 mol of [14Clcarboxymethyl groups; this low value is apparently due to contamination of noncarboxymethylated species. The radioactive tryptic peptides from samples LHC and LHD were characterized. The results indicated that all eight isomers, containing three presumably native disulfide bonds and one free and one carboxymethylated sulfhydryl group, are formed on air oxidation of reduced partially carboxymethylated lysozyme. Since in each of these isomers the formation of one of the four native disulfide bonds is permanently blocked, it would follow that no one of the four disulfide bonds of native lysozyme is obligatory in the formation of the other three native disulfide bonds.
We have previously shown (1) that during renaturation of reduced hen egg white lysozyme (mucopeptide N-acetylmuramoylhydrolase; EC 
MATERIALS AND METHODS
The procedures for preparation of reduced hen egg white lysozyme, gel filtration of the air-oxidation products on a BioGel P-30 column (2 X 200 cm), ion exchange chromatography of lysozyme and its derivatives on a Biorex-70 column, ion-exchange chromatography of tryptic peptides of carboxymethylated lysozyme, measurement of radioactivity, and assay of enzymic activity (5) have been described (1) . Electrophoretic analysis of lysozyme and its derivatives was carried out using the urea/polyacrylamide gel system (8 M urea, pH 4.8/7.5% gel) (6 Fig. 2A ) (1) . The higher hydrodynamic volume forms contained 1.25 ± 0.05 mol of [1-14C] carboxymethyl groups whereas the LH forms had 0.6 ± 0.05 mol of [1-14C] carboxymethyl-groups. Repeated gel filtration of the LH forms resulted in the elution of all the radioactivity at the lower hydrodynamic volume position (Fig. 2B) . However, the peak position of absorbance at 280 nm did not exactly correspond with that of radioactivity (Fig. 2B) .
Ion-exchange chromatography of the LH forms obtained after repeated gel filtration yielded five sauiples (Fig. 3) the same specific enzymic activity as that of native lysozyme, and did not contain any radioactivity. The four other samples, eluting earlier than this completely renatured lysozyme, were radioactive. These are designated in the order of their elutions as LHA, LHB, LHC, and LHD ( Fig. 3 ) and contained 5, 8, 65, and 23%, respectively, of the radioactivity of the LH forms.
Samples LHA and LHB eluted at the positions corresponding to those of the previously isolated dicarboxymethylated species LH1 (carboxymethylation at Cys 6 and 127) and LH2B (carboxymethylation at Cys 76 and 94), respectively (1 (1) also showed approximately 6% of the contaminants eluting earlier than lysozyme (7, 8) . It has been suggested that the minor contaminants could be deamidation products of lysozyme (9) . The presence of these minor contaminants in the lysozyme sample would not affect the conclusion of the present studies.
homogeneous on urea/polyacrylamide gel electrophoresis and migrated more slowly toward the cathode than the native lysozyme. A minor component (about 5-8% by visual inspection) of this sample, presumably due to contamination from sample LHD (see.below), had an electrophoretic mobility similar to that of lysozyme (Fig. 3 inset) (Fig. 3 inset) . Thus, it appears that sample LHD contained both mono-and noncarboxymethylated species. Bradshaw-et al. (10) have detected, on ion-exchange chromatography of the activation product of mixed-disulfide derivatives of lysozyme, a species eluting earlier than native lysozyme and having approximately 60% the enzyme activity of lysozyme. Since the chromatographic position of sample LHD approximately corresponds to this species, the noncarboxymethylated species in LHD could be one such species.
Ion-exchange chromatography (11) of the tryptic digest of reduced and carboxymethylated sample prepared from sample LHC by the method described previously (1) (Fig. 4) Considering the molar quantity of [I-3H]carboxymethyl groups incorporated into the [1 -'4C]carboxymethylated LH forms, it is reasonable to assume that sample LHC is a mixture of seven of the eight isomers containing three, presumably native, disulfide bonds and one carboxymethylcysteine and one free sulfhydryl group and that sample LHD contains one remaining isomer. When, on the basis of the sets of three native disulfide bonds these eight isomers are grouped into the four structures ( Fig. 1) , the calculated yields of the four structures are comparable to each other (Table 2 ). These four structures must be formed from the respective species of the eight isomers of monocarboxymethylated reduced protein in which the formation of the respective native disulfide bond-is permanently blocked. Thus, none of the four native disulfide bonds appears to be obligatory in the formation of the three other native disulfide bonds. The previous study (1) has shown that the dicarboxymethylated forms of structures I and IV as well as the monocarboxymethylated forms of structures III and IV possess approximately 35% of the enzymic activity of lysozyme. Therefore it is likely that the individual monocarboxymethylated species contained in sample LHC would have similar enzymic activity. If the noncarboxymethylated species of sample LHD possesses only 60% of the enzymic activity of lysozyme, the monocarboxymethylated species of sample LHD could have approximately 30% of the enzymic activity, if the molar ratio of the noncarboxymethylated to the monocarboxymethylated species would be 2-3 (see Fig. 3 ). The lowered activity of these species could be due to the slight perturbation in the three-dimensional structure due to the absence of the fourth native disulfide bonds.
On renaturation of reduced, partially carboxymethylated lysozyme only 35% of the material possessed lower (native) hydrodynamic volume structure, whereas the renaturation of unmodified reduced lysozyme under similar conditions yielded only the LH forms (1). When the higher hydrodynamic volume forms were reduced and reoxidized in the presence of 2-mercaptoethanol, again approximately 30% of the material was found in the LH forms. If the reoxidation of reduced, partially carboxymethylated lysozyme is carried out in the absence of 2-mercaptoethanol, only 6-8% of the material is found in the LH forms. Apparently, thiol-catalyzed sulfhydryl-disulfide interchange is operative in this renaturation, as it is in native lysozyme (1) . Conceivably, this lower yield of the native hydrodynamic volume form for reduced, partially carboxymethylated lysozyme than for unmodified reduced lysozyme may be due to the smaller difference in free energy between the lower and the higher hydrodynamic volume forms in the reduced, partially carboxymethylated lysozyme than in the reduced lysozyme.
In this study we have prepared all of the four forms shown in Fig. 1 Table 1 ).
to structure I, III, or IV through sulfydryl-disulfide interchange, so that this form was not trapped in the previous study (1) . Anderson 
